ABSTRACT
INTRODUCTION-URBANISATION PRESSURES AND GROUNDWATER
The UK is amongst the four most densely populated of the 27 EU states. Its 54% population rise during the 20 th century from 38.2 million in 1901 to 59 million in 2001 (1) has naturally been accompanied by extensive urbanisation. This growth continues and at current projections the UK population is conservatively predicted to rise from the present 60.8 million (2006) to 66 million by 2026 and 69.6 million by 2056 (2) . As almost 90% of the UK's inhabitants reside in England and Wales (where the population density compared to other EU states is second only to the Netherlands and Malta) (3, 4) , most population increase will take place there ( Figure 1 ). 
Figure 1 Population trends in the United Kingdom and England and Wales, including projections 2006-2056 (Sources ONS 2006, EPSRC 2007, Government Actuary 2007)
The nature of urbanisation in England and Wales that accompanies these population trends changed radically post-1950 in response to two sets of factors:
• Economic trends: the decline of mining, fishing and both heavy and light manufacturing in favour of the service sector. Commercial, distribution and retailing development has in some cases supplanted primary and secondary industry on pre-developed land (former factory/industrial sites for example), but in other cases logistics and market factors have led to extensive urbanisation of former agricultural land on periurban fringes. The results are land use changes as widespread as those brought about by industrialisation during the 19th and early 20th centuries. This economic transformation has seen southern, eastern and central England become the most economically prosperous parts of the country. However, the resulting inward migration has seen these regions experience growing urbanisation pressure, so that, for instance, 26% of the UK population now lives in London and the South East even though these two regions cover less than a tenth of the UK's land area (3). (8) (3, 6) note that about 60% of the projected household growth to 2026 will be in London and the East, South East, and South West Regions. Scenarios in the DEFRA report that take into account an increased supply of new housing, to meet projected shortfalls in demand, suggest that the completions and corresponding land take requirements could be up to 4.52 million dwellings and 1479 km² respectively .
An inevitable outcome is increased demand for additional housing. A DEFRA-study, commissioned to assess the environmental impact of increases in the supply of housing in the UK
While other factors will affect the extent of development at particular locations, there is no doubt that Britain during this century will face a significant increase in the rate of urbanisation, a large proportion of which will be for housing and associated infrastructure located to the south of a line approximately joining the Humber and the Severn.
It is precisely this area where groundwater resources play a major water supply role. This may be either as productive, regionally important aquifers such as the Chalk, the PermoTriassic Sandstones or the Lower Greensand that support major public water supply abstractions, or in local aquifers, tapped both by private users and smaller but strategically important public supplies. Aquifers underlie over 55% of the land area of England and Wales, with groundwater providing 30-80% of public water supply in southern, central and eastern England (10) and probably more than 95% of private supplies nationally (Table 2) . Most of these functioning supplies draw from pumping stations located in rural or periurban areas. This reflects in part a long operational tradition of preference for predominantly agricultural groundwater catchments and in part a catchment protection reality. Unlike some European countries such as Germany and the Netherlands, UK water companies do not own or have direct control over their aquifer catchments and so can exert only limited influence over the activities on such land. In such circumstances voluntary agreements and regulatory procedures are more easily undertaken in rural areas where only a few landowners are involved. This pragmatic but somewhat vulnerable situation is likely to change over the coming decades as suburbanisation increasingly encroaches upon presently rural periurban groundwater catchments.
This paper surveys the extent of urban areas relative to productive aquifers in England and Wales, assesses the likely proportion of suburbanisation, and comments on the potential impact of the continued expansion of this distinctive land use over the next 50 years.
METHODOLOGY
For the assessment, GIS analysis was employed to compare spatial datasets, Currently available datasets were used throughout and are listed in Table 3 The data analysis procedure is shown schematically in Figure 3 and comprised 4 stages:
1. Creation of a thematic layer comprising all land areas with potentially vulnerable bedrock or superficial aquifer at the surface, 2. Re-classification of the built areas dataset to separate rural and urbanised environments, 3. Division of the urbanised dataset into suburban and other urban land uses, 4. Overlay of derived maps on aquifers to produce area statistics.
Creation of aquifers layer
The bedrock hydrogeology dataset was derived from the 1:625,000 hydrogeology map (11) . This dataset classifies bedrock either as an aquifer or as impermeable and without groundwater (except at shallow depth). The aquifer class is further characterised into those which are extensive and highly productive and those of more limited potential (the least-used of these were excluded), and also whether flow is dominantly via fractures or intergranular. Quaternary deposits overlie bedrock in many parts of England and Wales and the two principal superficial aquifers of this cover were similarly derived. Together these datasets account for the 6 possible subsurface conditions for a given land use (Table 4 ) The aquifers dataset used for analysis purposes in this paper comprises the three classes where land is directly underlain by a bedrock or superficial deposit aquifer plus the subsurface condition where a Quaternary non-aquifer deposit lies upon a bedrock aquifer ( Table 4 ).
The precautionary inclusion of this last-named category was considered justifiable on the grounds of likely aquifer vulnerability but it requires explanation. In the absence of a national map showing the thickness of low permeability strata, Quaternary superficial deposits had to be categorised as aquifer or non-aquifer on the basis of the simplified lithological description of the layer at the ground surface; no account could be taken of actual thicknesses of low permeability strata, nor of vertical variability. So the superficial non-aquifer class as a whole includes, for example, areas where the layer is only a few metres thick (e.g. veneers of glacial till or Claywith-flints) or is thick but not predominantly low permeability (e.g thin alluvium overlying river terrace gravels).
To inform the decision whether to include this subsurface condition, an experimental version of a superficial deposit thickness map produced by the BGS (12) was compared with urbanised areas (Figure 4 ). This indicated that many of the deposits that would underlie urbanised areas in southern Britain have thicknesses of 10 m or less. These strata would include both permeable and poorly permeable strata, and it was considered that the protective ability of such superficial deposits is debatable given that many elements of modern urban infrastructure (foundations, basements, cuttings, pipelines etc) would penetrate to at least this depth. The principal area where the approach may be over-precautionary is in the Manchester and South Lancashire/North Cheshire area.
The principal bedrock and superficial aquifers included in the resultant Aquifers Dataset are listed in Table 5 2 The aquifer names referred to in this paper are those typically employed in the British water industry. For more stratigraphically precise descriptions see Allen et al 1997(13), Jones et al 2000 (14) .
Figure 5 Bedrock aquifers in England and Wales

Figure 6 Superficial aquifers in England and Wales
Re-classification of the built areas
The base information for built areas was the 'urban region' theme of the Ordnance Survey Strategi® dataset. Comparison with sample built areas indicated that this 1:250,000 vector dataset provided a more accurate representation of built areas than others currently available. The dataset has national coverage although for this purpose only that for England and Wales was used (Figure 7) . To create an 'urbanised' layer the data were queried to select all areas that were over 1km². These then became the Urbanised Dataset. The rest (villages etc, called "rural built" in this paper) were considered too rural to include in further analysis. Both classes are illustrated in Figure 8 . 
Subdividing urbanised areas.
The urbanised areas delimited in Strategi® are not subdivided into industrial, commercial or different residential land uses. Some subdivision is, however, required because these urban land use classes have very different water use, recharge potential and contaminant load characteristics. The Ordnance Survey Code-Point® postcode data product provides a means to separate off the relatively benign suburban environment (in groundwater impact terms) as it provides National Grid coordinates for each unit postcode in Great Britain, which can be joined to the corresponding postcode polygons. Used together with Strategi®, Code-Point® has enabled subdivision of the urbanised areas into suburban and 'other urban' classes.
Code-Point® contains fields with data relating to approximately 26 million postal delivery points (15) . It uses postcodes that uniquely identify blocks of about 15 addresses, although there is in practice quite a wide range in the number of delivery points in a given postcode, a feature which can be used to infer the nature of the urban land use. The procedure involved
out industrial/commercial districts and the domestic criteria filtering out both periurban semi-rural development and many dense inner urban residential districts.
Overlay on aquifers, accounting for superficial aquifers
The Strategi® and Code-Point® derived thematic layers were then applied to the Aquifers dataset by running a series of spatial queries on the loaded Code-Point® polygons that would select all the postcode polygons that intersect with each of the 13 bedrock and superficial aquifer groups listed in Table 5 . This provided 13 shapefiles of all the postcodes overlying each aquifer.
An example of this procedure is illustrated for the Chalk aquifer beneath Luton and Dunstable (Figures 9 and 10) , in which the diagrams show the following sequence: Validation exercises showed that a further stage was required because some postcodes on the outer edge of suburban districts subsume neighbouring rural land/addresses (see last diagram in Figure 9 ) and this would have led to an overestimate of that class's area. It was resolved by clipping back the derived layer to the maximum extent of the Strategi® urbanised areas.
E. The clipped suburban area overlying the Chalk aquifer.
As the bedrock and superficial aquifer thematic layers are not mutually exclusive, a final stage (not required for the Luton and Dunstable example because superficial aquifer is not present) , in order to avoid double-accounting, was to assign the Suburban and Other Urban classes according to whether they overlay bedrock outcrop or subcrop. 
COMMENTS ON PROCEDURE AND DATASET CONSTRAINTS
While the procedure described above is a valid approach, it is an approximation and is subject to some uncertainty for the following reasons:
An aquifer or not an aquifer?
The national Hydrogeological Map of England and Wales, 1977 (10) provided the outcrop pattern and hydrogeological classification of aquifers on which the categorisation for this paper is based. The 1:625,000 scale of that map reflects both the linework scale of the underlying solid and Quaternary geology maps it employed (16, 17) and the synoptic intention of the map, which is used most typically for regional planning purposes. Although convenient, synoptic geological datasets have to drastically simplify both vertically and laterally complex sequences of rocks (into a small number of units) and also complex outcrop patterns. Users need to be aware of the simplifying assumptions inherent in their use. One particular consequence for this study was the selection of which stratigraphic rock groupings would be classed as productive enough to figure in the aquifers list in Table 5 .
For example, while the Lower Cretaceous Sands were selected because these strata contain several regionally or locally productive aquifers, these are separated by intervening poorly permeable silty and clayey strata that form part of the larger stratigraphic group.
Similarly, the Coal Measures were included even though they comprise very significant thicknesses of (poorly permeable) mudstones. This was partly because of the permeability of intercalated fractured sandstone horizons and partly because very extensive former mining activities have, through collapse and subsidence, significantly expanded flow systems. A similar case could be made for the Mercia Mudstone Group but in the event it was excluded; although it contains some locally important sandstone horizons, this widely distributed formation is a predominantly mudstone sequence with evaporites in places and this limits its usefulness for groundwater supply.
A further complication arises from lateral variation in rock type of a particular formation arising from facies changes. For example sands in the Lambeth Group (Palaeogene Sands), the Upper Greensand (Lower Cretaceous Sands), and some productive Jurassic sandstones and limestones become progressively more clayey and less productive along their strike, developing into aquitards or even aquicludes.
Such features cannot be adequately represented at small scale, and a degree of subjectivity was unavoidable in those formations selected as significant aquifers. This could in part be addressed in future refinement exercises by basing the aquifer classification on a more detailed geological dataset, such as the BGS national coverage of solid and Quaternary geology at 1:50,000 scale (DigMap®). However, while the hydrogeological characterisation of this dataset is under way, the GIS computational requirements would need to be considered; the dataset comprises over 230,000 polygons and more than 500 formation names compared with the 1014 polygons and less than 60 formation names of the 1:625,000 map.
Urbanised or not urbanised?
Several different area values were trialled to provide an acceptable filter to separate rural built from urbanised land uses and these were tested in various locations. The 1 km² criterion was found to be effective and is considered to be the minimum area that will adequately separate this sub-class; a smaller area subsumed many villages, a larger area tended to exclude newer development on the outskirts of expanding towns. The criterion may cause an underestimate of ribbon development along some periurban arterial roads on town margins but on inspection these areas did not appear to be significant.
Suburban or not suburban?
In the same way, several different query formats were devised and compared in order to use the postcode dataset as an indirect method of identifying suburban areas (as opposed to industrial, commercial and dense urban residential land uses). Screening queries that used rules based on postcode areas were poorly correlated and discarded. Robust additional rules that could reliably relate address densities for a given postcode area might, in a future study, be an improvement. These could help define more precisely the suburban category of an urbanised area, especially where it is adjacent to denser urban residential land uses such as older terraced or newer multi-storey housing types.
The query criteria finally selected and described in the preceding section were devised empirically on a trial and error basis and tested on a range of sample districts in Oxfordshire, Berkshire and South Yorkshire. These were found to function satisfactorily in a range of urbanisation situations, from expanding market towns to older cities undergoing regeneration. However, a postcode analysis is not a direct measure of suburban land use, such as would be obtained, for example, by photogrammetric survey and it is possible that the extent of dense urban residential districts in some towns has been underestimated in favour of a suburban classification.
RESULTS
Area statistics for the 13 main bedrock and superficial aquifer groups are given in Table 6 . These show the following features • About 12% of the c.85,000 km² of bedrock and superficial aquifer in England and Wales is overlain by built land.
• Around 72% of this built land is urbanised (7,495 km²), with the balance rural/semi-rural (villages or ribbon development).
• None of the aquifer groups has more than about 20% of its outcrop/subcrop urbanised (although several, such as the Chalk and Permo-Triassic sandstones have significant cover of rural built).
• Of the 7,495 km² of urbanised land on bedrock or superficial aquifer, about 65% (4863 km²) is categorised as suburban, the balance being more dense urban residential, commercial, industrial or mixed land uses. This percentage may be a slight overestimate and may subsume some inner urban residential districts that would not normally be regarded as suburban.
• For each aquifer group, suburban land was about 60-70% of the urbanised cover and occupied typically less than 10% as a percentage of each group's outcrop/subcrop area (range 0.7-13.3%).
DISCUSSION
This first-pass analysis of the extent of urbanisation across the most widely used aquifers in England and Wales suggests that, at a total of around 9% of the outcrop/subcrop area, currently only a relatively modest proportion has been urbanised. Of the most productive aquifers, only the Permo-Triassic Sandstones and Magnesian Limestone exceed 10% by area. This is not particularly surprising as the UK follows a globally-recognised trend of settlement preferring to expand across coastal and lowland areas first, and as a number of important bedrock aquifer outcrops are upland areas, these have tended to remain predominantly rural. Being often scenically attractive too, many of these recharge areas have enjoyed at least partial protection through longstanding development controls conferred by land use planning instruments (e.g. National Park, Area of Outstanding Natural Beauty or greenbelt status) that have diverted urbanisation pressures. Thus it is those aquifers with extensive lowland recharge areas such as the Permo-Triassic Sandstones and the Coal Measures of the Midlands/northern England and the Palaeogene sands in the South East that have the highest percentage coverage and the predominantly upland Chalk (with the largest outcrop area of any aquifer) that has currently less than 6% urbanised land cover.
Suburban land is by far the most important urban land use category, estimated to typically occupy around two-thirds of all urbanised land and currently overlying about 4860 km² of aquifer outcrop. This is of comparable order to the DEFRA-commissioned projections of landtake on greenfield for 2001-2016 referred to earlier of 785-1479 km², although not all new dwelling construction on rural land would take place on aquifer or be exclusively suburban in nature.
An extrapolation of even the baseline housing completions rate of 150,000 per annum to 2051 (a rate which is widely viewed as falling well short of demand in southern and eastern and central England) would mean almost 7.5 million new dwellings constructed in England alone. If the ambitious governmental target of 60% new housing on pre-developed ('brownfield') land (18) cannot be achieved and maintained, the rate of landtake from presently rural land uses is certain to accelerate. This could quite feasibly mean an expansion of suburban land use in England of one third or more of the present total, perhaps half of which would be at the expense of adjacent rural catchment. Predicting the impact of suburbanisation on adjacent presently rural areas used as the gathering grounds for groundwater public supply purposes will be a challenge. While there is a growing body of evidence that the quantitative effect of urbanisation is generally to increase recharge compared with the equivalent rural (agricultural or woodland) land cover (19, 20, 21) , understanding of which parts of the urban land cover do this best is still at the qualitative stage. The likely general impact on water quality remains even more incomplete and fragmentary. There are results from a recent EU-supported comparative study of four case study cities in Germany, UK, Slovenia and South Australia that are dependent on local groundwater and where suburban land use is important (the AISUWRS project, 21). These suggest that suburban aquifers may not be under such severe contamination pressure from the constant emissions of the urban drainage system as may at first appear, providing appropriate protection measures are in place. However research in this area remains in its infancy.
The trend towards suburbanisation points to a growing need to hydrogeologically assess such catchments in terms of their role as an increasingly widespread land use type. Important national water management questions include:
• What will be the quantitative effect on recharge for presently rural groundwater catchments as they suburbanise-are we confident that the general tendency for urban recharge to be higher than the corresponding rural area applies to new suburbs? Will these catchments therefore still be able to support current groundwater public supply abstraction rates or will these supplies need to be substituted? If so, from where? • Will future housing development need to consider the groundwater dimension more seriously in urban runoff drainage schemes where the development overlies an aquifer? For instance, by prioritising design that promotes infiltration of benign recharge (from roof and paved runoff or urban greenspace? If so, will this be implemented generally through building regulations, specifically through planning agreements or some other way? • Will proposals for an accelerated rate of homebuilding, such as those espoused in the Barker Review (22), need to (or be able to) take account of groundwater recharge requirements as urbanised areas increasingly extend out over their groundwater supply catchments? If so, how will new housing targets be met; on the supply side (e.g. by further increasing unit density per hectare), or on the demand side (e.g. through migration controls to curtail population increase)? • What will be the principal effects on the quality of recharge infiltrating beneath suburban catchments? Will groundwater supply treatment works need to take increasing account of the age and extent of catchment housing types (with their associated water supply, pluvial and foul drainage infrastructure) when planning future treatment requirements?
CONCLUSIONS AND RECOMMENDATIONS
GIS techniques employed to estimate the extent of urbanisation and suburbanisation land overlying locally and nationally important aquifers in England and Wales show that:
1. About 10,400 km² of the aquifer outcrop/subcrop lies beneath built areas, about 72% of which consists of urbanised land.
2. Approximately 65% of such urbanised land would be categorised as suburban, occupying an area of c.4860 km².
3. Urbanised land currently overlies only quite limited parts of aquifer outcrop/subcrop (about 9% in total), despite strong urbanisation pressures in southern, eastern and central England, where a number of extensive and highly productive aquifer systems are located.
Suburban land cover is likely to increase significantly in response to rises in the long-term rate of housebuilding, to meet projected shortfalls resulting both from increasing population and diminishing household size. An as-yet unknown proportion, possibly half, of the land required for suburban expansion will need to be allocated in previously undeveloped rural areas, generally on the periurban margins of existing urbanisation. As many of these same periurban rural areas also serve as catchments for both public supply pumping stations and private abstractions, there will be an impact on both the quantity and quality of recharge that supports these withdrawals, especially in southern Britain where urbanisation pressures are most intense but most of the more productive aquifers are located.
Recommendations include :
1. Better understanding of the impact of suburbanisation on recharge. This could be achieved by more applied research at catchment scale, with field verification, to quantify urban water cycle components, building on the innovative start made by urban groundwater studies like the EU-supported AISUWRS project. Such studies are difficult -the field is cross-disciplinary because the urban water cycle is complex and difficult to quantify -but are essential if the impact on recharge quantities and recharge quality is to be characterised sufficiently for predictive planning purposes.
2. Refinement of these first-pass estimates to provide greater precision and better definition of the aquifer outcrop on which urbanisation is occurring. This could be achieved through use of a more detailed geological dataset (such as that at 1:50,000). Improved demarcation of suburban and (more densely populated) urban residential districts might also be achieved by a refinement in the postcode query criteria.
3. Identification of the areas of aquifer most likely to urbanise before 2050 and of those groundwater public supplies most vulnerable to the consequent land use changes.
